In this paper, we present a laboratory activity in computed tomography (CT) primarily composed of a photogate and a rotary motion sensor that can be assembled quickly and partially automates data collection and analysis. We use an enclosure made with a light filter that is largely opaque in the visible spectrum but mostly transparent to the near IR light of the photogate (880 nm) to scan objects hidden from the human eye. This experiment effectively conveys how an image is formed during a CT scan and highlights the important physical and imaging concepts behind CT such as electromagnetic radiation, the interaction of light and matter, artefacts and windowing. Like our setup, previous undergraduate level laboratory activities which teach the basics of CT have also utilized light sources rather than x-rays; however, they required a more extensive setup and used devices not always easily found in undergraduate laboratories. Our setup is easily implemented with equipment found in many teaching laboratories.
Introduction
Computed tomography (CT) is an invaluable medical imaging modality that is used by physicians as a diagnostic tool in various specialties including oncology, cardiology and orthopedics. CT even has important applications in other fields such as engineering [1] , geosciences [2] and archaeology [3, 4] . In the medical field, the imaging abilities of CT come with serious side effects due to high doses of radiation. Weighing the diagnostic benefit against the potential harm is an important consideration and is the subject of a great deal of debate [5, 6] . Furthermore, Bogdanich et al have recently increased public awareness of cases where patients were exposed to unnecessarily high radiation doses during CT scans [7] [8] [9] [10] . The Association of American Medical Colleges (AAMC) recently identified knowledge of the interactions between electromagnetic radiation and matter as a key concept for students entering medical school [11] . The complexity and expense of acquiring a conventional x-ray-based CT scanner are too prohibitive for it to be included in undergraduate or high school physics laboratories. An inexpensive and safe alternative is a scanner based on an infrared light source. Similar scanners have been developed in other laboratory activities [12, 13] . However, the construction and operation of the apparatus in these experiments would be difficult to fit into a typical laboratory session due to the involved setup and time consuming manual data collection. We have developed a CT scanner using equipment common to undergraduate labs that can be built in a matter of minutes. This method more effectively conveys the discrete quality of image reconstruction by building the image in real time. A full scan can be completed in 20 min, which is a large improvement over a similar experiment that could take 3 h to produce a full image [12] . The reduced scan time is due to the partial automation of data collection and analysis. The time saved can be used to further explore relevant physical concepts such as x-ray creation and the interaction of light and matter, as well as issues related to imaging like artefacts and windowing. While additional, or even complete, automation of the data collection is possible, manual entry of some of the changing variables allows for an understanding of the incremental changes each scan has on the overall computed image.
X-rays and CT
Planar x-ray imaging has been and continues to be an important diagnostic tool despite its limitations. Inherently, it is a two-dimensional representation of a three-dimensional volume. This restriction results in a loss of spatial information. To demonstrate this to students, an instructor could place a sphere and a cone behind a screen and shine light on the objects so that the students can see the shadow. The projection may look something like figure 1(a), which acts as a map of the attenuation characteristics of the objects, similar to an x-ray image. The main difference is that an x-ray image shows multiple degrees of attenuation since different tissues have different attenuation coefficients. To demonstrate this, the instructor could use a cone and a sphere with different optical densities. Figure 1(a) shows the objects' positions, but other information is completely lost. Are we dealing with one or multiple objects? Even if we know that we have a cone and a sphere, is the cone in front of the sphere or the sphere in front of the cone? To determine their orientation, we can rotate the light source to get a new projection similar to figure 1(b) . The new image alone is subject to the same spatial constraints, but the information from both projections can be used to determine the objects' orientation. This illustrates the key idea behind CT: the collective information of projection data from multiple x-ray images taken at different locations can be combined to form a more complete image of an obscured area. There are numerous algorithms in which projection data can be organized into an image. The most prevalent method involves Fourier analysis, which is favoured because of its speed. Algebraic reconstruction was used in the first CT scanner but was largely passed over due to the large computational demands, though it has seen a slight resurgence due to increased processor speeds [3] . Algebraic methods are often used when introducing CT scanners since they are more easily understood than Fourier-based techniques, while still conveying the fundamentals [3, [12] [13] [14] [15] . The simplest algebraic technique is called singular value decomposition (SVD) [3] . In this process, just as in the example above, x-rays from the source are attenuated by objects in the scanned area, which is recorded as projection data (figure 2). Those data are spread onto a reconstruction of the scanned area by entering the projection data in every pixel of the reconstruction that lies along the original line between the source and the detector. This step is called back projection. This process is completed multiple times as the source/detector assembly rotates about the scanned area, during which new back projection data are added to the current data. After multiple back projections an image of the original object(s) forms. As a demonstration of back projection for students, the instructor could shine two light sources on a cylinder at a right angle. Just as the two shadows converge at the cylinder's position, back projection data converge at the locations of the scanned objects.
It is important for students to understand that because projection data are collected from multiple angles, CT imaging results in a higher dose of radiation than planar imaging. First generation scanners made 160 projections per degree over 180
• per scan for a total of 28 800 individual projections [14] . Today patients receiving a CT scan are exposed to the equivalent of 30 to 442 chest x-rays per scan [6] . In 2008, it was estimated that, in Germany, CT was responsible for 35% of the total radiation from medical imaging, even though it represented only 4% of all radiological examinations [3] . 
Apparatus
Our goal in this project was to develop a setup that can be easily implemented by high school teachers or college professors and demonstrates the key features of a CT scanner. Similar experiments required extensive setup [12, 13] , whereas this apparatus can be assembled in a matter of minutes. The previous apparatus designs were modelled after first generation CT scanners, which used pencils of x-rays from a source that is repeatedly translated, then rotated around an object. Most modern CT scanners are third generation, which use a wide fan beam and require only rotation [3] . Although it is no longer used, the first generation scanner is helpful when teaching CT, because it demonstrates the iterative back projection process. Our apparatus is similar to third generation scanners except that it uses a pencil of light that is rotated over the enclosure effectively simulating a fan beam. It therefore retains the demonstrative benefit of the pencil scanner, while reflecting the most prevalent CT design.
The most important components were a Vernier photogate 1 using a light source with a peak wavelength of 880 nm [16] and a rotary motion sensor 2 ( figure 3 ). To measure the rotation of the sample, we used an angular scale 3 and an angular indicator made out of a foam board. The sample is contained in an enclosure made with a foam board and a Congo Blue light filter #181 4 , which is largely opaque in the visible spectrum but mostly transparent to the near IR photogate light. The enclosure underscores the ability of CT to image obscured regions and is a good illustration for students of how different parts of the electromagnetic spectrum have very different electromagnetic characteristics. Teachers may choose to place the objects in the enclosure and seal it before the lab session and give students the challenge of finding their locations after a complete scan. The enclosure was made small enough (7 cm diameter) so that it would fit inside the photogate. We placed a grid similar to figure 4 inside the enclosure so we could compare the original position to the resultant image. For simplicity, the sample is rotated about itself rather than the source/detector assembly around the sample, as in medical CT scanners. Unlike the continuous projection data (analog) collected in a real CT scanner, data collected by a photogate are digital (0-unblocked, 1-blocked). Although digital projection data do not completely reflect medical scanners, they do greatly simplify the apparatus design without losing key ideas behind CT.
Operation
In previous CT laboratory exercises, projection data were collected manually and either manipulated by hand or entered into a series of computer programs to produce an image [12, 13] . This process is time consuming and does not convey the discrete quality of CT imaging. By partially automating data collection and analysis, we have expedited the scanning process without losing the informative aspects of the experiment.
The data from the photogate and rotary motion sensor were collected and graphically displayed by a program written with LabVIEW 5 . The code is written for the Vernier sensors described above. Sensors from other vendors such as Pasco, Leybold or Fourier may be used instead. The LabVIEW block diagrams must be altered to be able to communicate with these sensors. The sections of the code that need to be modified are marked in the program. The LabVIEW program can be downloaded as an executable (.exe) file and does not require any special programming experience to use. A copy of LabVIEW is not needed to run the executable, but users will need to download two free drivers 6 . Mac users are also able to run the executable file using an emulator such as Boot Camp. Both unfiltered SVD and our algorithm enter back projection data along the line between the source and the detector ( figure 5 ). In SVD, this is done by first calculating the distance of each pixel from the scanning line. If that distance is less than the width of the beam, back projection data are entered in that pixel [3] . Our program uses the equation of the scanning line as well as the beam width to enter back projection data. Therefore, our program does calculations only for pixels within the beam width. The beam width we use is half of the diameter of the photogate detector (2.5 mm). Once the photogate becomes blocked the program calculates the equation of the line between the source and detector of the photogate relative to the grid in the enclosure. Using this equation it then enters the projection data in every pixel of the reconstruction along that original line. The inputs of the program are (1) the distance between the rotational axis and the origin, also called the focus-centre distance (FCD), (2) the angle between the FCD line and the negative x-axis θ and (3) the angle between the FCD line and the scanning line φ. This algorithm can also serve students as an example of a practical application of algebra and trigonometry and could be derived as homework or an in-class assignment (see footnote 5).
The rotary motion sensor determines φ, whereas θ and the FCD are entered by the user. Manual data entry is minimal, as the FCD needs to be entered only once and θ after every rotation of the rotational platform with the enclosure. The LabVIEW program collects and displays data in real time; thus, students are able to see the image formed step by step ( figure 6(a) ). The images in figure 6 are of three identical cylinders, each with a diameter of 0.6 cm, placed in the enclosure as shown in figure 4 . The large ring around the cylinders in the images is the opaque enclosure which reflects the light from the photogate at shallow angles effectively 'blocking' it. The time needed to complete a full scan is dependent on the number of passes (each having a unique θ ), the rotational speed of the photogate and the resolution of the reconstruction, which can be increased or decreased to compensate for a computer's processor speed. Because more time is needed to enter data into the reconstruction as the resolution increases, computer calculations at high pixel counts can interrupt real time data collection. The images in figure 6 have a resolution of 121 × 121, which is the highest resolution our system could manage in real time. The image in figure 6 (b) is made with 36 passes (10 • increments over θ = 360 • ), which is sufficient to create a quality image in a reasonable amount of time (about 20 min). Due to the partial automation, this is significantly less time than is required by similar experiments, which could be as much as 3 h [12, 13] . Additionally, a simulated CT scanner that uses the same algorithm is included in the LabVIEW program. Using the simulated program, students can quickly scan multiple combinations of object sizes and positions. Students can also modify the three scan parameters (FCD, φ and θ ) to explore what effect they have on the final image. The simulated CT scanner is an effective graphical demonstration of how back projection forms an image.
Artefacts and windowing
The final image can contain a number of image artefacts caused by either the reconstruction algorithm or the scanning technique. These aspects can be incorporated into the laboratory session, as they are important considerations in medical scanners as well. The most common artefact is the unwanted data that do not correlate to either the cylinders or the enclosure ( figure 6(b) ). This is a direct result of the back projection technique. Rather than showing a well-defined boundary around a cylinder, the amplitude gradually increases towards the cylinder's centre. This effect is also caused by back projection. Another kind of artefact can arise when the photogate is rotated too quickly. The angle of the rotary sensor is only collected after the photogate becomes blocked. This angle is then used to calculate the scanning line equation, which determines where to enter data on the reconstruction. If the photogate is moving too quickly, the recorded angle of the rotary sensor may not correlate to the position of the scanned object, as it was read too late. The result of this is misplaced back projection data. This is similar to an artefact found in CT imaging called detector afterglow, which occurs when the sampling unit rotates too fast and the detector fluoresces too long. An afterglow artefact shows up as a 'blur' around objects rather than well-defined boundaries [3] . As pointed out earlier, a CT image is a map of the attenuation characteristics of an area. Typically it is represented by a grey scale, where light shades correspond to large attenuation coefficients and dark to small attenuations. The difference in the attenuation of some tissue is very small, and is difficult to discern in a grey scale image showing the full range of attenuation that occurs in a body from air in the lungs to bone. Radiologists use a process called windowing to better image similar tissue. In this technique, the relative values of the grey scale are adjusted so that there is a greater contrast between materials with similar attenuation coefficients. Similarly, students are able to modify the grey scale in the LabVIEW program. Figure 6 (c) shows the same data as in figure 6 (b) after applying a window. Note that the lower boundary of the grey scale is higher than that in figure 6(b) , which obscures the unwanted data. Windowing can lead as a good starting point for discussions on image processing.
Conclusions
We have constructed a simple, safe apparatus that effectively demonstrates the basic mechanism and concepts behind CT scans. It is comprised of a photogate, rotary motion sensor, and other equipment commonly found in most physics teaching labs. The setup can be completed in minutes and scan times are short enough that multiple objects can be imaged in a single session. The activity is appropriate for high school and college level physics or biology courses. This activity gives students a chance to learn about trigonometry, electromagnetic radiation, radiographic imaging, image analysis and windowing.
